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Creation of heavy elements
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Creation of heavy elements

N =50
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* main (A>90): N<o> = constant
» weak (A<90): no flow equilibrium

Main component

Weak component

Stellar site

TP-AGB stars (1.5M;, — 3M,,)

Massive stars (> 8M,,)
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Proton number

Ni

Fe

s-process (~50%)

Neutron number

Motivation

0Ge is an ”"s-only” nuclide. “S-only” nuclides can be
used to extract important s-process parameters, such
as the average number of neutrons per Fe seed and
the mean neutron exposure.

The decay of 7°Ge is used as probe to investigate
neutrinoless double B decay.

Neutron induced reactions on germanium play an
important role in low background experiments,

mostly due to the fact that Ge is used as detector
material.

Neutron capture cross sections of germanium have a crucial influence on abundances of elements from germanium to

yttrium.

Since the s process takes place during different burning stages of stars, temperatures range from 0.1 to 1 GK, corresponding

to kgT values of 8 — 90 keV.

Experimental cross section data presently available for Ge(n,y) are scarce and cover only a fraction of the neutron energy

range of interest.
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Compound nucleus and the resonance parameters

S, =10 MeV
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Existing experimental data - "°Ge(n,y)

In 1968 H. Maletski and his group from ZIBJ (Dubna) measured germanium isotopes using neutron flux from the nuclear
reactor.
Based on the experimental data, Maletski et al. parameterized only 3 resonances with their partial widths I', and I,.

IVIE:IZEL(;\/;L Energy (eV) n_TOF I, (meV) Maletski et al. I, (meV) n_TOF I, (meV) Maletski et al. [ (mev)n_TOF
11154 1118.4+0.1 160=x25 156.0+6.0 4600+1000 4288+235
1469+5 1474.22+0.01 150=+25 175.4+1.3 700+120 708+10
4378+25 4397.4+0.1 180+40 158.8+2.6 5900+1200 5780+168

K. Maletski, L. B. Pikelner, I. M. Salamatin, and E. I. Sharapov, At. Energ. USSR 24, 173 (1968).

In 1984 G. Walter and H. Beer from the Karlsruhe Institute of Technology, have measured Maxwellian averaged cross
section for different kzT values. As a neutron flux the used neutrons coming from ©Li(p, n)’Be reaction.

However, still it does not cover the entire range of astrophysical interest.

Temperature (keV) 20 30 40 50
MACS (mb) 112+6 92+5 81+5 754

G. Walter and H. Beer, Measurement of neutron capture cross sections of s-only isotopes
—70Ge, 86Sr and 87Sr, Astron. Astrophys. 142, 268 (1985).
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Existing experimental data - "°Ge(n,y)

In 1968 H. Maletski and his group from ZIBJ (Dubna) measured germanium isotopes using neutron flux from the nuclear
reactor.
Based on the experimental data, Maletski et al. parameterized only 3 resonances with their partial widths I', and I,.

NIE;ZEL(;\/;L Energy (eV) n_TOF [, (meV) Maletski et al. I, (meV) n_TOF I, (meV) Maletski et al. [ (mev)n_TOF
1115+4 1118.4+0.1 160+25 156.0+6.0 4600+1000 4288+235
1469+5 1474.22+0.01 15025 175.4+1.3 700+120 | 70810
4378+25 4397.420.1 18040 158.8+2.6 59001200 || 5780168

K. Maletski, L. B. Pikelner, I. M. Salamatin, and E. I. Sharapov, At. Energ. USSR 24, 173 (1968).

In 1984 G. Walter and H. Beer from the Karlsruhe Institute of Technolog ged cross

section for different kgzT values. As a neutron flux the used neutrons coming fi
no experimental

However, still it does not cover the entire range of astrophysical intere data for 7273Ge
Temperature (keV) 20 30 40 50 ISOtOpeS
MACS (mb) 112+6 92+5 81+5 754

G. Walter and H. Beer, Measurement of neutron capture cross sections of s-only isotopes
—70Ge, 86Sr and 87Sr, Astron. Astrophys. 142, 268 (1985).



The n_TOF facility at CERN
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The n_TOF/CERN facility — parameters

* Protonenergy: 20 GeV

1.3 tonecylindricallead blockof 40 cm in length and 60 cm in diameter
* Protonintensity: 7 - 1012 protons/pulse

* Pulse frequency: 1pulse/2.4 s (0.5 Hz)

EAR1
* Neutron energy: 25 meV -1 GeV
* Flight path length: 185 m

= | e Beam size at the experimental hall: ©3.5 cm

EAR2
* Neutron energy: 25 meV — 300 MeV

* Flight path length: 20 m

* Beam size at the experimental hall: ©4.2 cm

target #1 (2001-2004) target #2 (2008-present)

n

11/33
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The n_TOF/CERN facility — parameters

Energy dependence neutron flux for EAR1 and EAR2.

EAR1 and EAR2.

Comparison between energy resolutionfor

o - E, AEJE

RS EARI EAR?2

s I [ eV 32x107% 48x107°

2.k 10eV  32x10* 57x1073

R | 100eV  43x107% 8.1x 1072

c | | lkeV  54x107* 14x1072

S j02k 10keV  1.1x107° 23x1072

= 100 keV 29x 107 4.6x 1072
N/ I MeV  53x107° 5.6x 1072

IIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| | RN
102 10° 10* 10° 10° 10" 10°

IIII| 11
10 10" 1 10
Neutron Energy (eV)
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Neutron spectroscopy

The neutron energy is determined via its time-of-flight through the relation:

En:mncz(y_l) Y = (v )2 Un = 75F
1—(222

Cc

L
TOF =Tsrop — Ty +
production target, reaction product
neutron source detector
o — sample
20 GeVic |' o — l]
protons %L
h >

flight length £
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Detection setup

’ SN - b W
& RN &( 1 Detection setup for capture measurements consists of four scintillator
( L NG : detectors CzDg, advantages:

.2 \ \'\\l . e 20% efficiency to detect a y-ray from a capture cascade,

eye &€ —
* low neutron sensitivity ~£_n ~3-107°.
Y

SAMPLES:

* XGe — pressed powder
(GeOZ )I

*enrichment:

0Ge —97.71%,
2Ge — 96.59%,
73Ge — 96.07%,
74Ge — 95.51%,
’6Ge — 88.46%.

Fast recovering after y-flash ~2 us, enable to
detect neutron energy up to ~1 MeV.
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Background analysis

A 20 GeV proton beam interacting with a lead target represents
a source of many charged and neutral particles.
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C. Guerreroet al., European Physics Journal A 49, 27, (2013).

Momentum [MeV/c]

’0Ge spectrum and the main background contributions.
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Neutron resonances - '°Ge

Extract cross-section by determiningreaction-yield:

e
2 012
()
V. (B = C(E,) — B(E,) g o
ex n’ — o
P cp(Ep) A 0.08
Statistics: 0.06
110 resonances up to 40 keV
0.04
* 90 new resonances
e 73in the RRR 0.02
S [
20.121— —— n_TOF data 0
() |
5 - —— SAMMY fit
B 01—
S ~
0.08—
0.06—
0.04—
0.02—
O :. __.,W. I I | I , | | - _ . | ) = -
1460 1470 1480 1490 1510 1520

energy (eV)

A. Gawlik, C. Lederer-Woods et al., Measurement of the 7°Ge(n, y) cross section up to 300 keV

atthe CERN n_TOF facility, Phys. Rev. C 100, 045804 (2019).

n_TOF data
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Neutron resonances - '°Ge

Extract cross-section by determiningreaction-yield: 3 - n_TOF data
q‘>; 0.012— —— SAMMY fit
C(E,) — B(E,) 5 - —— ENDF/B-VII
Yexp (En) = - ENA - g 001
& p(En) 0.008—
Statistics: 0006/
110 resonances up to 40 keV -
* 90 new resonances 0.004 =
* 73in the RRR 0.002f— ] ,
— 0 :-I“ T it ‘::-'l;;illisu.l.ﬁin i‘i'iu‘ml.. ’lllilll:l.l.lulllmd.ald-l;'.zmﬁlﬁ'ﬂnﬁli]ll A
>0.018/— — n_TOF data 5400 5600 5800 6000 6200 6400 6600 6800
0.016 —— SAMMY fit energy (eV)
80.014 ;— E, (eV) [, (meV) [,(meV)
0.012—
0.01F- 5603 160 29000
0.008 - 5601.96  273.28 32246.62
0.006
0.004 =
0.002F— 6795 160 15000
sy o SO G i o SO 4 o e Ll 6796.84  235.61 17133.74
6600 6800 7000 7200 7400 7600
energy (eV)

A. Gawlik, C. Lederer-Woods et al., Measurement of the 7°Ge(n, y) cross section up to 300 keV
atthe CERN n_TOF facility, Phys. Rev. C 100, 045804 (2019). 17/33



Neutron resonances - '°Ge

0,005 F ’ j j j n_TOF data — + ]
fit ———
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1 l 1
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Neutron resonances - '°Ge

SAMMY was used to extract resonance capture Capture data themselves do not usually allow a reliable determination
kernels Kk, proportional to the area of a capture of individual resonance parameters, such as resonance spin J.
resonance. We used the kernels determined from n_TOF data and the spins from
[T a transmission measurement (J.A. Harvey, M. Hockaday, EXFOR Entry
A, = | 0.(E))dE, = 2n’nig —F
r r\=n/"=n T 13770.004).
l_'_l
K
© : . . . o 600 : : : :
g— Harvey & Hockaday total xs —— o Harvey & Hockaday total xs ——
— S —
S 000 ]=05 —— £ ]=05 ——
I J=15 —— @ i J=15 ——
£ ENDF ——— g 00 ENDF ——
£ £
§ 800 | 5 400 |
£ £
.0 'S
= =
¢ 600 c 300 |
.Q Q
S g
o S
2 400 | 2 200 |
£ £
> >
0 o]
100 |
3 200 f k5
S S ¢
s 0
3 : : : : : : : @ 100 : : : : . :
e 5600 5800 6000 6200 6400 6600 6800 o 8500 9000 9500 10000 10500 11000 11500 12000
energy (eV) energy (eV)
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Neutron resonances - 3Ge

Extract cross-section by determiningreaction-yield:

E T T T T T T T I T T T ]’ T T T ] T T T l T T T I T T T [ —
2 0.030— |
> . - Data .
V. (E) = C(En) — B(Ey) § - — SAMMY Fit
exp\tn/) — :
£ P(Ep) A
Statistics: 0.020
e 334 resonances in total up to 14 keV
% o 25 T T 'l T I T T T I T T T l T T T I T T T I T T T [ T T T I T T T I T T 0'015 - .
> Data C ]
3 f — SAMMY Fit 0.010- , | f -
3] - -
©0.20 i ]
" A 0.005 9 w u l —
0'15: - 0.000 “ ! | ST w ,' ”l.“l i e R IW N v l&ﬁ
~ 4200 4400 4600 4800 5000 5200 5400 5600
~ Neutron Energy (eV)
0.10
0.05 -
1 1 l l 1 1 |
400 420 440 460 480 500 520 540 560
Neutron Energy (eV)
C. Lederer-Woods, A. Gawlik et al., “Measurement of 73Ge(n, ¥) cross sections and implications 20/33

for stellar nucleosynthesis”, Physics Letters B 790, 458, (2019).



Neutron resonances - 3Ge

Extract cross-section by determiningreaction-yield:

Y (E ) . C(En) _ B(En)
ex n’/ —
P e p(En) A
Statistics:
e 334 resonances in total up to 14 keV
% T T T T I T T T I T T T l T T T I T T T ] T T T I T T T I T T T ' T
io.as Data
2 — SAMMY Fit
So.20
0.15}- A
0.10
0.05? —
J L | LQ‘J;

400 420 440 460 480 500 520 54 560

Neutron Energy (eV)

C. Lederer-Woods, A. Gawlik et al., “Measurement of 73Ge(n, ¥) cross sections and implications
for stellar nucleosynthesis”, Physics Letters B 790, 458, (2019).
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Neutron resonances - ?Ge

Extract cross-section by determiningreaction-yield: Koy L S B B BRI
< [ [+Data .
C(E,) — B(E,) o - |— ENDF ]
Yexp(En) = —— 5 An 200061 saAMMY Fit —
g(p( n) (% ~ -
Statistics: O 0.005— —
* 93 resonances in total up to 43 keV - .
- 0.004— —
L I I I I I I I I I I I I 1 I l I I I I I I I I L —
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P - |- Data u Z
o [ |—ENDF 0003 =
2 0.1~ |— SAMMY Fit : .
@© B w 0.002— —]
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0.08— N _
- 0.001F | H] %} 1 l O
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B 19500 19600 19700 1980 19900 20000 20100
o Neutron Energy (eV)
0.04—
— . M. Dietz, C. Lederer-Woods, A. Gawlik et al., Measurement of the 72Ge(n,y)
B 7 cross section over a wide energy range atthe CERN n TOF facility, submitted to PL B
0.02— —
0k - : L M
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Neutron resonances - °Ge preliminary results

Extract cross-section by determiningreaction-yield:
C(En) T B(En)

—_
o
o)

wcounts/bin

—_
o
[$,]

Yexp (En) —

e p(En) A

10*

capture yield

0 -n--ii:;'

8600 8700 8800

8900 9000 9100 9200 9300 5400 9500

—— n_TOF data

—— SAMMY fit | 1o il
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—— Empty frame

—— Lead
BeamOff

| 1 1 1 L1 1l | "',»,'—,’ | NS Y 11 | I 1
3x10* 10°  2x10° 10°  2x10° 107 _2x107
time - Ty (ns)

energy (eV)

Statistics:
e 47 resonances in total up to 94 keV
e 37 resonances in the RRR up to 52 keV
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Neutron resonances - °Ge preliminary results

Extract cross-section by determiningreaction-yield:

Statistics:
V. (B = C(E,) — B(E,) « 47 resonances in total up to 94 keV
exp \-n ePp(Ey) A e 37 resonances in the RRR up to 52 keV
0.0014
E — — n_TOF data
> -
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& 0.001
© n
0.0008—
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0.0004 Ih l yj'
L i
I 1
0.0002 ’I' ]Lr th lInull | " }’H Il ill‘l |'II i
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Cross section in the unresolved resonance region

In the continuum region where resonances are no longerisolated, capture cross section

: : . Y(Ep)
can be calculated with followingequation: o (Ep) = n“ .
N %)
S 10° —— 70Ge sample + filters \EZ 10-' - n—TOF data
8 2% —— Walter&Beer
N e Adopted background 3
£ @ ENDF/B-VIII
§2x102 g .
10% | O 107" frb. -
z rtoe ] LN %
28: 6x102 (7 ©1 W U )
10 —— 5X1 0_2 -'_ .. ° K ’ "; i rﬁ' ;mO W.:... .".o’° .
= 4x1072 |- .. . : i wum ++r!1_.rL|-J;F,".~ -
3 3x102 |- '
2 I
'E 2x1072 [
3)(10_1 — | | | | | . 1 4 1 4 1 1 1 1 | 5 1 5
3x10* 4x10* 2510° 3%x10° 4x10" 5x10 10 2x10

Energy (eV) Neutron Energy (eV)
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Cross section in the unresolved resonance region

Cross Section (b)

In the continuum region where resonances are no longerisolated, capture cross section

can be calculated with followingequation: o (Ep) =

llIllIII

1

lllllIlI

1

|
)

llllllll

— 74Ge
76Ge

I S TN
T | ax10%p '
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107" U, =

7x102fH T
6x1072 [F
5x1072 |t

4x1072

2x1072 |-

llllllll | | 1 I 1 1 1 | 1

10?

10°

10*

10° 4x10* 5x10* 10° 2x10°
Neutron Energy (eV) Neutron Energy (eV)

26/33



Cross section in the unresolved resonance region

Cross Section (b)

In the continuum region where resonances are no longerisolated, capture cross section

can be calculated with followingequation: o (Ep) =

— 70Ge
72Ge

— 73Ge
— 74Ge
76Ge

\\JJJL ‘J :ﬁ.\

Il 1 1 lIllIII 1 1 lllllll 1 | Illllll | | lllllll | |
10 10 10° 10* 10°
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Maxwellian averaged cross section

The stellar or Maxwellian-averaged cross section calculated using following data:

100

10

<
+
[SEN

Cross Section (b)

0,01

0,001

-

"V A_TOF data 70Ge ——
ENDF/B-VI1I

capture cross section in the neutron
energy range 0.7 eV — 25 keV, calculated

with resonance parameters

° averaged Cross

| A It ‘ il section from 25 to
| ' | 300 kev
j \
1! \
3 1.“1
| L o, |
"“'"L\ .' l-'l Krv |
_. ~o /Y » the ENDF/B-VIII
" '. /| cross section from
\'h U 0.3 to 20 MeV
! )
o 100 000 10000 100000 dews  1es07

Neutron Energy (eV)
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Maxwellian averaged cross section

KADONIS (Karlsruhe Astrophysical Database of Nucleosynthesis in Stars) is widely used as reference for reaction
rates in astrophysical calculations.

€ 220 —+— n_TOF data
=L
Agreement with Walter and Beer values is very S 200 $— Walter&Beer
good, and there is also good agreement with = Kadonis
Kadonis-1.0, considering uncertainties. 1901
160 — ¢
~ l
kT (keV) MACS (mb) 140—
This work Kadonis-1.0 [38] Walter and Beer [14] ~
5 212.4+0.3 207.3 1201~ $
10 159.7+7.1 154.8 u —
20 115.8+5.6 109.8 112 + 6 100 i
30 942449  89.1+5.0 92 + 5 g0l : b
20 40  80.84+4.3 77.1 8145 - $
Ge 50  71.6+39 69.3 75 + 4 ol 4 ;
60  64.9+3.6 63.7 = # 5 5
70 59.8 :t 3.3 40 _—l | | | | | | | | | | | | | | | | | | |
80 55.8 & 3.1 56.2 20 40 60 80 100
00 52.7+29 KT (keV)
100 50.3+2.9 51.4

A. Gawlik, C. Lederer-Woods et al., Measurement of the 7°Ge(n, y) cross section up to 300 keV
atthe CERN n_TOF facility, Phys. Rev. C 100, 045804 (2019). 29/33



Maxwellian averaged cross section

M. Dietz,, C. Lederer-Woods, A. Gawlik et al., Measurement of the72Ge(n,y)
cross section over a wide energy range at the CERN n TOF facility, submitted to PL B

73Ge

kT (keV) MACS (mb)
This work | KADoNiS-v1.0 [13]
5 1749 £6.5 104 + 26
10 | 122.04+4.9 80 & 20
20 83.1+3.7 67 + 17
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50 49.6 +3.1 50 & 13
60 44.7 £ 3.0 47 £ 12
70 41.0+2.9
80 38.1+2.7 43 +11
90 35.7+ 2.6
100 | 33.9+25 40 £ 10
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70 194 £+ 10
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Astrophysical impact

* The neutron capture network consisted of rates recommended by Kadonis, the new 7% 73Ge(n, y) MACSs

* Contributions to the solar system abundances due to the main s process and the p process have been subtracted

using results by Arlandini et al.
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Conclusion

Measurement of the (n, y) cross sections of the stable germanium isotopes were performed in
2015/2016 atn_TOF facility.

Detailed analysis allowed to parameterize many new resonances, most of them not existed in the
databases.

Precision in the data analysis allowed to obtain MACSs with 5/6% uncertainty.

MACS calculated for energies from 5 to 100 keV. For 72 3Ge(n, ¥) measurement provided first
experimental data.

In case of /YGe, new data, in the wide neutron energy region, provides an important independent
confirmation of stellar cross sections used in astrophysical calculations.

Additionally, very good agreement with previous measurement from Karlsruhe (1985) proofs that

the resonance parametersobtained atn_TOF are correct.



